Abstract: A very plausible explanation for the recently observed diphoton excess at the 13 TeV LHC is a (pseudo)scalar with mass around 750 GeV, which couples to a gluon pair and to a photon pair through loops involving vector-like quarks (VLQs). To accommodate the observed rate, the required Yukawa couplings tend to be large. A large Yukawa coupling would rapidly run up with the scale and quickly reach the perturbativity bound, indicating that new physics, possibly with a strong dynamics origin, is near by. The case becomes stronger especially if the ATLAS observation of a large width persists. In this paper we study the implication on the scale of new physics from the 750 GeV diphoton excess using the method of renormalization group running with careful treatment of different contributions and perturbativity criterion. Our results suggest that the scale of new physics is generically not much larger than the TeV scale, in particular if the width of the hinted (pseudo)scalar is large. Introducing multiple copies of VLQs, lowing the VLQ masses and enlarging VLQ electric charges help reduce the required Yukawa couplings and can push the cutoff scale to higher values. Nevertheless, if the width of the 750 GeV resonance turns out to be larger than about 1 GeV, it is very hard to increase the cutoff scale beyond a few TeVs. This is a strong hint that new particles in addition to the 750 GeV resonance and the vector-like quarks should be around the TeV scale. 
Introduction
The ATLAS and CMS collaborations have recently announced the observation of an excess in the diphoton channel at around 750 GeV with the first crop of data from 13 TeV LHC [1, 2] . Many have speculated it to be the first hint of physics Beyond the Standard Model (BSM). A huge amount of efforts from the theory community has been put on possible explanations and implications of this excess . The majority of these studies involve a scalar or a pseudoscalar (usually denoted as S) with mass around 750 GeV, which couples to gluon pair and to photon pair through loops with vector-like quarks (VLQ), despite a few exceptions. These explanations require large coefficients c g and c γ for the anomalous Sgg and Sγγ couplings. Such large coefficients usually in turns require large Yukawa coupling between S and the VLQs. In many cases this large coupling makes the theory already non-perturbative, indicating the invalidity of the assumed underlying BSM theory. Even if the Yukawa coupling is below the perturbativity bound at 750 GeV, a sufficiently large Yukawa coupling will run up rapidly with scale. In this case the cutoff scale Λ of the minimal theory, around which additional new physics needs to appear, can not be much larger than a few TeV.
In this paper, we study the implication of the scale of new physics from the 750 GeV diphoton excess by performing Rormalization Group (RG) running of the Yukawa couplings. We explore different methods to increase the cutoff scale (thereby "postpone" the appearance of new physics). These methods include introducing multiple copies of VLQs, VLQ with light masses, and VLQ with large electric charges. In addition, we consider different assumptions on the total decay width of the resonance, especially a relatively large width as preferred by the ATLAS results. In Section 2, we study the diphoton excess assuming the process gg → S → γγ account for all observed diphoton rate and derive the bounds on the couplings c g and c γ for different assumptions on the properties of the new (pseudo)scalar S and the VLQs. In Section 3, we write down the RG equation of the Yukawa coupling and derive the cutoff scale with analytic method. In Section 4, we perform a more careful numerical study and present the results for different cases. We conclude in Section 5.
Diphoton excess from gg → S → γγ
The observed cross section by combining both experiments at 8 TeV and 13 TeV under the assumption of gg-fusion production for a resonance S is estimated to be [7, 13, 67] σ(pp → S) × Br(S → γγ) = 5.5 ± 1.4 fb at LHC 13 TeV.
(2.1)
We note here the acceptance times efficiency of the experiment is estimated at around 80% from our simulation and is used in obtaining the above result. Our estimation of the acceptance times signal efficiency is consistent with the ATLAS description [2]. The simplest model for such diphoton excess is a singlet scalar couples to gluon pair and photon pair through loop-induced anomalous couplings 1 . We consider the following effective Lagrangian in the broken phase of electroweak symmetry of a scalar (pseudoscalar) s (a) 2 :
We assume these couplings are generated by VLQ loops, which is the case in many plausible scenarios. The normalization of these coefficients in Eq. (2.2) are chosen such that their values basically correspond to the Yukawa couplings for a VLQ with its mass at m S = 750 GeV for convenience. To be more specific, we have 
(2.5) 1 The phenomenology of such effective models has also been discussed in different context before the observation of diphoton excess, see e.g. Ref. [85] .
2 Whenever possible, we use S to simplify discussions applicable for both scalar s and pseudoscalar a, as well as the case without ambiguities. 3 We ignore any possible mixing between the VLQs and the SM quarks for simplicity. This mixing induces a coupling between the 750 GeV resonance and SM quarks. This coupling introduces multiple mass scales and is constrained by other searches. There also exist nontrivial bounds on the mixing between VLQs and the SM quarks, see e.g. Ref. [86] for a comprehensive study. In Fig. 1 we show the absolute values of these loop-function corrections as a function of the VLQ mass M for a 750 GeV scalar particle. This demonstrates the size of nearthreshold enhancement for the loop induced couplings. Comparing to the value of unity 4 in large M , the loop function could be enlarged to 1.5 (2.5) and 1.4 (1.7) for VLQ mass M 375 GeV and 400 GeV, respectively, for scalar (pseudoscalar). As we shall see later, the signal requires large values of loop induced scalar to gluon pair and to diphoton coupling. This near threshold effect is helpful in pushing up the cutoff scale of the theory. This motivates our benchmark VLQ mass of 1000 GeV and 400 GeV. The former represents asymptotic values of loop function for large mass; the latter represents the case where threshold effect is important without opening up the tree-level two-body decays to VLQ pairs.
Before moving on to numerical studies of the diphoton excess, we want to comment on alternative choices of the effective Lagrangian. Conventionally we use the set of higher dimensional operators assuming the preservation of SM gauge symmetries For general models with loop-induced scalar to gluon pair and photon pair coupling, one important feature is that the gluon pair partial width Γ gg is about 400 times the diphoton partial width Γ γγ for c g ≈ c γ . We include in our calculation the important NLO K-factor for Γ gg of 1+67α s /(4π) from Ref. [91] throughout this paper, which shifts the fitted result at O(1) level comparing to tree-level study. We first introduce the "Γ min " benchmark scenario when the scalar S decay only contain the minimal set of partial widths Γ γγ and Γ gg necessary for the observed diphoton excess, and additional partial widths of Γ Zγ and Γ ZZ together equals 0.7 Γ γγ when c W = 0. This minimal width is at sub-GeV level for most parameter space we consider. However, the ATLAS observation of the diphoton excess at 13 TeV prefers a large width of around 45 GeV. This motivates us to consider another two benchmark scenario of "Γ = 1 GeV" as the medium width scenario and "Γ = 45 GeV" as the large width scenario.
We obtain the production cross section for the scalar by scaling from the heavy SM Higgs production cross section reported by the Higgs cross section working group [92] , with appropriate luminosity ratios and loop function factors:
for s, a, respectively. In the Γ min scenario, the diphoton branching fraction is
which is the same for the pseduoscalar. For the benchmark scenario of Γ = 1 GeV, 45 GeV, we require physical condition Γ ≥ Γ gg + 1.7 Γ γγ . In above equation the factor of 1.7 for the partial width comes from the sum of all γγ , Zγ and ZZ partial widths in the c W = 0 case.
The fitted values of the coefficients of c g and c γ (c g andc γ ) of the scalar (pseudoscalar) that accommodates the observed 750 GeV diphoton excess are shown in Fig. 2 . The green and yellow bands indicate the 68% and 95% confidence band of the fitted cross section, and the solid black line indicates the best fit value. We show in the upper panel of this figure the Γ min scenario and lower panel for all three scenarios together in logarithmic scale. Clearly, the vertical band for the Γ min scenario corresponds to Br(S → γγ) dominance, where the value of c g controls the diphoton rate; the horizontal band for the Γ min scenario corresponds to the Br(S → gg) dominance, where the value of c γ controls the diphoton rate. For the scenarios with Γ = 1 GeV and 45 GeV, the diagonal bands corresponds to constant c g c γ that controls bidoublet. Here we assume all VLQs are in the fundamental representation of SU (3) c . The results for a scalar (pseudoscalar) resonance are shown on the top (bottom) half of the table. We also show the results for different assumptions on the decay width of the resonance. As in each case c g (c g ) and c γ (c γ ) are not independent and for VLQs, it is more convenient to parameterize in terms of c g (c g ). For Γ = 1 GeV and 45 GeV we only show the results for c g (c g ).
the diphoton rate for a fixed total width. We also apply an unavoidable dijet search cross section bound of 3 pb at the 8 TeV LHC [93, 94] , shown in Fig. 2 with three different gray shaded regions for Γ = Γ min , Γ = 1 GeV and Γ = 45 GeV, from light to dark, respectively.
For a given VLQ with certain charge and representation, the value of c g and c γ (c g andc γ ) are not independent, as predicted by Eq. (2.3) and Eq. (2.4). In Fig. 2 we also show the predicted relations between the two coefficients for VLQs with different charges and representations, each with a curve of a different color. We have chosen a few representative cases: three singlet VLQs with electric charges 1/3, 2/3 and 5/3 (denoted as B R , T R and X
5/3
R , respectively, where the subscript "R" simply indicates them being SM SU (2) L singlets) and an SU (2) L × SU (2) R bidoublet with U (1) X hypercharge 2/3 (often denoted as (2, 2) 2 3 ), motivated by natural composite Higgs models [95] . 6 These cases represent various possibilities while keeping the analysis relatively simple. It is straight forward to read the constraints on values of both c g and c γ (c g andc γ ) from the intersection of the curves and the green/yellow bands. We present the 1σ preferred range on the required c g (c g ) in Table 1 for different VLQ 6 The bidoublet induces none-zero cW , leading to new decay channels of S → W W and a sum of all electroweak boson partial widths different to the 1.7 Γγγ of the cW = 0 case. For very small cg (vertical bands in Fig. 2 ) this will shift the fitted cg to larger values. Still, as the line for the predicted ratio cγ/cg intersects with the S → gg dominant region (horizontal bands) the fitted values will remain the same and thus we show it on a same plot.
cases. These values are used later in Section 4 for estimating the cutoff scale for different VLQs.
Perturbative considerations with RG running
In this section we try to study the RG running of the Yukawa coupling. As discussed in the previous section a large Yukawa coupling between the singlet scalar and VLQ is expected in all scenarios, especially for S with large width. Such large coupling, even if perturbative at scale µ = m S , is likely to violate perturbativity at nearby scale. This leads to our consideration of the RG running of these couplings. The logic behind is to access the validity of using S and VLQs to explain diphoton excess, and to provide a conservative estimation of the scale of new physics beyond this minimal setup. An important and intuitive modification in the case of large c g is to introduce multiple (N f ) copies of the VLQ, so as to reduce the required Yukawa coupling for each flavor. We discuss in details the modification associated with such introduction of N f in both RG running and perturbativity criterion in the following two sections.
To simplify calculation while capturing most of the physics, we assume the scalar or pseudoscalar couples to N f copies of VLQs with the same masses M and a diagonal Yukawa coupling matrix y I where I is an N f × N f identity matrix. Using the results from Ref. [96] , we obtain the RG equation of the Yukawa coupling y, given by 7
where we have used N c = 3 for the number of colors. We have also ignored the contributions from electroweak gauge bosons, which is a good approximation for the range of VLQ charges (|Q| ≤ 5/3) considered in this paper. The first term of the righthand side of Eq. (3.1) comes from scalar and fermion loops shown in Fig. 3 and the second term is from gluon loops. For a given scenario one could deduce the required values of c g and c γ (orc g andc γ ), which can be transformed into the desired value of y at scale µ = 750 GeV. We will denote the value of y at scale µ = 750 GeV as y 0 in order to distinguish it from the running value. For convenience, we choose to parameterize y 0 in terms of the coupling to gluons, c g 8 . Under our assumption,
Eq (2.3) reduces to
where we have denotedĀ 1/2 ( m 2 S 4M 2 ) simply as A. Therefore, the initial value of the Yukawa coupling is given by
We now proceed to evaluate the cutoff scale as a function of the desired value of c g . One could obtain an intuitive understanding of the running of y by making a number of approximations. First, we ignore the gluon contribution to the RG running which is small as long as y is sufficiently large. In this case, Eq. (3.1) can be easily solved to give
where y 0 is given by Eq. (3.3) and µ 0 is the initial scale for the running at which y = y 0 , given by
as the running only starts above scale M . To simplify calculation we also assume the cutoff scale Λ is the scale at which y → ∞. A more appropriate definition of the cutoff scale should be the one at which the couplings become non-perturbative, which we will address in the next section. From Eq. (3.4), we have log ( 6) where in the last line we assumed 6N f 3. The righthand side of Eq. (3.6) is proportional to
where N 2 f comes from the fact that increasing N f reduces the initial Yukawa coupling y 0 needed to obtain a certain value of c g , and N −1 f comes from the fact that N f enhances the RG evolution of y. Therefore, a crucial result here is that log Λ is proportional to N f /c 2 g . A very large N f helps increase Λ, while a large c g would force Λ to be small.
Implication of new physics scale in various VLQ models
We now move on to a more careful numerical study of the cutoff scale Λ of the minimal theory with the 750 GeV resonance S and VLQs, at which scale the couplings become nonperturbative. We will use a more appropriate definition of the cutoff scale and also include the gluon contribution to the RG evolution of the Yukawa coupling. One usually consider Λ to be given by the unitarity or perturbativity bound, which is different in descriptions but comes from the same physics origin 9 . One could think of a 4-fermion scattering process with an s-channel S, which has an amplitude proportional to N c N f y 2 , where the factor of N c N f comes from the sum of final state fermions. One could also think of the same process with a self energy term of S involving fermion loop proportional to NcN f y 2 (4π) 2 . In both picture, Λ is found be the scale at which y ∼ 4π √ NcN f . Therefore, one would expect a large N f to be less helpful in terms of increasing the cutoff scale than one would naively expect. Nevertheless, a large N f still helps increase Λ since y 0 scales as 1/N f for a fixed value of c g .
The gluon contribution to the RG evolution of y is given by the 2nd term on the righthand side of Eq. (3.1). For large N f , the required y 0 is small and the gluon contribution could significantly slow down the running of y or even make it run down 10 . However, unless N f > 10, g 3 would decrease as the scale goes up and, depending on the value of y 0 , y could either keep on running down or turn around at some point. This means that for small enough c g or large enough N f , the theory could be weakly coupled up to very high scales and essentially does not require a cutoff. For example, as we will show later, if S has a minimal total decay width and couples to a charge 5/3 quark, it is possible to have a weakly coupled theory while achieving the desired diphoton excess.
Our results for the cutoff scale Λ as a function of c g (c g ) are shown in Fig. 4 for S being a scalar and Fig. 5 for S being a pseudoscalar, where different curves represent different assumptions on the value of N f . The cutoff scale has a strong dependence on the mass of the fermion(s), in particular when M is small and the threshold effects become important. To illustrate this, we show the results for two different values of M . For the plots on the left panel, we assume M = 1 TeV; for the plots on the right panel, we assume M = 400 GeV, large enough to avoid on-shell decays of S while giving a significant loop factor (1.36 for a scalar and 1.68 for a pseudoscalar). It should be noted that a 400 GeV charged quark with standard production and decays should have already been excluded by the 8 TeV LHC. Still the VLQ could be hidden if it decays in an exotic way due to BSM model construction, similar to the case of hidden scalar top quark. We also show the 1σ preferred ranges on c g (c g ) required to reproduce the observed diphoton excess for the singlet quarks (B R , T R and X 5/3 R in Table 1 ), displayed as bands with different colors. The red, green and blue bands correspond to charge 5/3, 2/3 and 1/3 quarks, respectively. We note here that the signs of the charges do not matter for our results. For simplicity, we only consider one type of quark (with N f copies) at a time, while in principle one could have a mixture of different quarks. The bounds on c g (c g ) also depends crucially on the assumption of the total width of S. In each figure, the plots in the top panel correspond to a minimal total width, while the plots in the middle (bottom) panel correspond to a total width of Γ = 1 GeV (45 GeV). In Fig. 6 , we show the results for the bidoublet quark (2, 2) 2
3
, where N g denotes the number of copies (generations) of the bidoublet. In each plot, the red, green and blue bands correspond to the 1σ preferred ranges on c g to produce the observed diphoton excess assuming Γ = Γ min , Γ = 1 GeV and Γ = 45 GeV, respectively. The plot on the left (right) side corresponds to S being a scalar (pseudoscalar). We only show results for M = 1 TeV. The masses of these quarks are already constrained to be above ∼ 800 GeV by the 8 TeV LHC results (see e.g. Ref.
[100]), assuming they decay dominantly to SM particles. Since these quarks are EW doublets, it is very hard, if not impossible, to arrange them to have light masses and simultaneously avoid the LHC constraint. We do not consider this possibility . N g denotes the number of copies (generations) of bidoublets. The red, green and blue bands correspond to the 1σ preferred ranges on c g required to produce the observed diphoton excess assuming Γ = Γ min , Γ = 1 GeV and Γ = 45 GeV, respectively. The plot on the left (right) side corresponds to S being a scalar (pseudoscalar). Note that the blue band is out of the plot ranges due to the required c g (c g ) being very large. The plotted bands are also within the allowed region of c g (c g ) from the dijet search constraints, which are c g < 15.4, 38.5, 100 (of a scalar) andc g < 10.1, 25.5, 66.0 (of a pseudoscalar) for Γ = Γ min , 1 GeV, 45 GeV, respectively.
here.
A large electric charge of the quarks is very helpful to increasing the cutoff scale, as a large charge would greatly enhance c γ and reduce the required Yukawa coupling. In fact, for Γ = Γ min , having one charge 5/3 quark could make the theory weakly coupled at all scales due to the gluon loop contribution to the running and a small initial Yukawa coupling, as discussed earlier. On the other hand, for a charge 1/3 quark, even with Γ = Γ min , the cutoff scale can not be much larger than a few TeV unless there are many copies of it (large N f ). In addition, for charge 1/3 VLQs the required value of c g (c g ) is already excluded by the dijet searches, regardless of the number of flavors.
Having a pseudoscalar instead of a scalar for the 750 GeV resonance could help increase the cutoff scale for two reasons. First, for a given scenario the requiredc g is less than the required c g (of a scalar) due to a larger contribution from fermion loops. Second, for small M (near the threshold) the loop function of a pseudoscalar is more enhanced than the one of a scalar. A pseudoscalar may also be convenient for other aspects, such as avoiding mixing with the SM Higgs in the CP conserving case.
Another observation here is that if the total width of S is large, it is very hard to increase the cutoff scale. This is because a large total width makes the branching ratio to diphoton very small, and to obtain the desired rate the production cross section needs to be very large. This large production rate requires a large c g (c g ) which in turns requires large Yukawa couplings. Even for Γ = 1 GeV, it is very hard to make the cutoff much larger than 1 TeV without a combination of large electric charge, large N f and small M . If the diphoton excess does come from a resonance at around 750 GeV, the measurement of its width is indeed crucial for the understanding of the underlying new physics.
It is important to realize that the validity of the one loop RG equations becomes questionable near the cutoff scale. This is because of the following two reasons: 1) when the coupling becomes strong, higher order effects become important and the one loop RG equations cease to be good approximations; 2) if the underlying new physics involves some strong dynamics under which S is a composite state, the theory containing S as a degree of freedom is only well-defined much below the cutoff scale at which the composite states form. Therefore, one should not interpret the results in Fig. 4, 5 and 6 literally as the exact value of the cutoff scale given a set of model parameters, since there is no unique and precise definition of the cutoff scale to begin with. Instead, they should only be treated as an estimation of the scale around which one would expect to see additional new physics.
Conclusion
While the observed diphoton excess can be most easily explained by a (pseudo)scalar S at around 750 GeV with VLQ loop-induced couplings to gluons and photons, the measured rate implies relatively large Yukawa couplings between S and the VLQ(s). Such large couplings can easily run into perturbativity limit at nearby scale. In this paper, we take a conservative approach and assume no other new physics appear except for the 750 GeV scalar and the VLQ(s) mediating the anomalous couplings. We assess the validity of such setup in various VLQ representations in three different scalar width assumptions, namely the minimal width, a medium width of 1 GeV and a large width of 45 GeV. Most importantly, we estimate the highest scale that the theory is still self-consistent/perturbative, using the tools of RG running. We explore different "methods" of increasing the cutoff scale and find out that introducing multiple copies (N f ) of quarks, quarks with light masses (∼ 400 GeV) or large electric charges (5/3) could all help. We point out that while the initial Yukawa coupling can be significantly reduced by a large N f , the running of the Yukawa will be sensitive to all flavors through the self-energy of the singlet scalar field. In addition, a more comprehensive consideration of perturbativity/unitarity requires the Yukawa coupling to satisfy y 4π/ N c N f . These two important N f factors brings the cutoff scale sooner than one would naively expect. The required cutoff scale also depends crucially on the total width of S. We find that for the Γ min case, with a 1 TeV charge 5/3 VLQ with N f = 1, the minimal theory could be weakly coupled at all scales, as the Yukawa couplings runs down due to the gluon loop contribution when its initial value is small enough; for Γ = 45 GeV, even with 400 GeV charge 5/3 VLQs, one would need at least N f 3 to increase the cutoff scale to ∼ 5 TeV.
Our study is based upon very generic setups, and the conclusions are applicable for many variations of beyond standard model physics addressing this diphoton excess. Further studies could reveal other interesting features, for example, in considering a combination of scalar and fermion (including lepton) contributions, other production modes, and potentially a thorough study trying to discover new particles running in the loop. As the data from the 13 TeV LHC accumulates, the diphoton excess is expected to be soon confirmed or ruled out, and in the former case more measurements could be made, such as the width of the resonance and the rate of other decay modes. We look forward to the upcoming more detailed LHC run2 analysis for this exciting opportunity for new physics.
